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. \'The results of an experimental study of ele¢gtrical conductivity

and thermopower in ddped'polyacetylene are repc/o’rted. Included are
. /

measurements on both as-grown and partiaily oriented films doped with

iodine and Asl’-‘rs]: (CH(As F:_s’ )Y x/gnd (CH(I% )\Y) x’ where y covers the full
the dilute Nmit (y <0.001), the transitional region (0.001 < y <0. Ol).-
and the metallic state (y > 0.01). Ku the dilute lim.i_t, the transport is via

carrier hopping; the mobility is small {~ 5 x 10°® cm®/V-sec) and

activated (Ac = 0.3 eV). This localized state hopping is consistent with
the proposed soliton doping mechanidAm. The semiconductor to metal

transition is evident in the data and leads to a qualitative change in

}
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temperature dependence of the conductivity and to finite zero temperature | ' H
1.raluesi ab‘ove Y.~ 0.01 - 0.02. The transport mobility incre:_'.ses by five

to six orders of magnitude on going through the transitional region. In

the metallic state, the high mobility (~ 60 cm?®/V-sec, assuming unit
charge fr;nsferi provides evidence of the validity of a band- theory approach
wzth délocalizefI states in this disordex.-ed' ;)-olyrrier. The transp;)rt in the
metallic state is described as metallic strands separated by thin p;)tential
barriers. The main eff_e_ct of orientation appears to be to alter the ‘
barriers. In particular, use of oriented _ci_s-(CH)x starting material leads

to significant improvement in conductivity due to smaller barrier widths

. e - L]

.and lower barrier heights. 'AnAalysisA of the temperature dependence of the

conductivity within this model leads to an estimate of the intrinsic con-
ductivity in heavily dpped metallic [CH(As Fa )Y]x’ o~ 4x 10* Q" _em™?

at room temperature.
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1. INTRODUCTION ..

Linear polyacetylene, (CH),, is the simplest conjugated organic
polymer aund is therefore of special fundamental importance. Interest. in this
semiconducting polymer has been stimulated by the successful derr;on-
stration gf.doping with associated control of electrical properties over
a wide rg.ng-e; fhe electrical conductivity of films of (CH)x can be varied
over 12 orders of magnitude from that of an in-Sulator'(o ~10°0"ecm"?)
through semiconductor to a metal (0 ~ 10°0-1 <.:m"1 ).l'\zfarious elect;-on
donating 01; accepting molecules can be used to yield n-type or p-type

: . 3,4
material, and compensation and junction formation have been demonstrated. ’

Optical-absorption studiessi'n6dicate a semiconductor with
peak absorption coefficient of about 3x10° cm! at 1.9 eV. Partial
orientation of the pplymei- fibrils by stretch elongation of the (CH), films
results in gnisotropic electrical-’and optical prope;ties suggestive of .a
highly anjsotrdpic band struc:':urc:.8 The electrical conductivity of 'pa.rtially
oriented metallic [CH(AsF), , ]x is in excess of 2000 O7* cm™.

The qualitative change in electrical and optical properties at
dopant concentrations above a few percent have been interpretedzas a .
semiconductor-metal .transition by analoéy to that observed in’ smdi;s
of heavily doped silicon. However, the anomalously sn?all Cuﬁe-law
succeptibility components in the lightly doped aemiconductof regifne

suggest that the localized states induced by doping below the semiconductor-

metal transition arc nonmagnetic. Thesec observations coupled with electron
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10,11
spm resonance studies of neutral defects in the undoped polymer have

12,13
resulted in the concept of soliton doping; i.e. locahzed domain-wall-like

charged donor-acceptor states induced through charge transfer doping.

The initial results obtained on conducting polymers have generated

interest from the point of view of poterxtially low cost solar energy con-
version. Experiments utilizing polyacetylene, (CH)x’ successfully
demonstrated rectifyirxg junction formaf:ion.3 ?n lptrucular a p- (CH) tn-ZnS
heterojunction solar eell has been fabn:.cated with open circuit photevoltage

4 .
of 0. 8 Volts. In related experiments, a photoelectrochemical photovoltaic

cell was fabricated using (CH), as the active photoeilec:trode.15
In tl'ns pPaper we present the results of a rleta11ed expenmenta.l
study of the electrical transport, conducnv:ty (0) and thermoelectnc
power (S), in (CH)x doped with AsF and 1odme. The expenmental results
cover the full concentration (y) range from undoped to metalhc on both
partially oriented and as-grown films. The experimental techniques,
including sample preparation, doping and measuremerrt of 0(T, y) and
S(T, y), are described in Section II. The results are presented in
Sectmn I and analyzed in Section IV in terms of transport in the three
concentration regimes: metallic, bsemiconductor-metal (SM) transition,

and lightly doped semiconductor. A summary and conclusion are given

in Section V.
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microscope grid have shown that the fibrillar structure is the nascent

" compared with 1.2 gm/cm3 as obtained by flotation te:chniques, indicating

.minimize oxygen content. Chemical analysis of typical cis and trans (CH)x

3

1. EXPERIMENTAL TECHNIQUES

a) Samples

4
:3,
’i
»
¥
¢
!

-Crystalline films of polyacetylene were grown in the presence of a

Ziegler éat;lyst using téchniques similar to those developed by Shirakawa

16-20 _ . o
et al. X-ray diffraction and scanning electron micrograph studies show that

the as-grown films, both cis and trans, are polycrystalline and consist of

16-20
matted fibrils which are typically 200 L in diameter. Recent electron

22 ’
microscopy studies of thin (CH)x films polymerized directly on an electron-

morphology. The measured density of the as-grown film is ca. 0. 4 gm/cm®

that the volume filling fraction, f, of fibrils is approximately 1/3.
The cis-trans content was controlled by therrr-:al isomerization.m.19
Samples used in these studies were films (typical thickness ~ 0.1 @)
taken from the side wall of the reactor. All measurerx;xents were carrieﬁ out
on either ~90% cis .(synthes.ize.d at -78°C) or. 95% ~ 98% trans (after thermal
isomerization for 2 hrs at 200°C). The cis-trans content.was monitored by
examination of infrared spectra.m,éza?re was taken to achieve pure (CH)x

starting material through extensive washing to remove all catalyst, with

subsequent storage and handling either in vacuum or in inert atmosphere to

indicate analytical purity. *

* Films used had elemental analyses in the range:
C=90.91%, H= 7.91% (total 98. 82%) to
C = 91.80%, H = 7.99% (total 99. 79%);
calculated values for (CH),: C 92. 26%; H 7. 74%. " .

T " " . ks s
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21,23
Partially aligned films were obtained by mechanical stretching.
It was found that when cis-films of polyacetylene were extended in an inert
(argon) atmbsphere, .ultima.te gxtension ratios as high aé 3.3 were obtained;
subsequent thermal isomerization under stress resulted in L/Lo ~ 4 where
L, and £ are the initial and final lengths of the film. Oriented films used
in this study had L/Lo ~ 3. Details on the stretch orientation and the tensile
21 S '

properties of (CH)x are reported elsewhere.

b) - Dop:mg N

Dopxng was carried out by exposing the (CH) films to vapor of
1;>d1ne or AsF 1.-4tInz:‘h¢- case of the 1od1ne dopmg, the vapor was carned by
a flqw of dry N, gas; the d;'y nitrogen was first pa_.ssgd through a vgs;el
containing ioz"lin'e‘crystals at room tem‘peramre..and‘ thén the gas was flowed
;ve1; the (CH), films to be doped. Doping rates cp.uld be Qafied by con-
trolliné fhe temperature (and vapor pres sure) of the iodine as w.e.ll als

controllmg the flow rate (typically 0.1 cubic feet per hour). Slow, confrolled

doping with AsF was achieved by cooling the AsF with a slush bath to

ca. —100 C to reduce its vapor pressure. The AsF‘ dopmg was carried

out in stages. In the initial stage, the sample was exposed to 'S 0.5 torr
of AsF‘. This pressure was subsequently increased in stages. The final
pres'sure used was dependent on the desired dopant concentration; for /

heavily doped metallic [CH(A:F‘ )y]x’ y~ 0.1, the final pressure was

approxi;natcly 5 torr.

T ey
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Specific concentrations were achieved by monitoring the conductivity

of the sample (or a reference samplé in the contai:ner) and.cémbaring it with
the previously calibrated curve of conductivity (room temp'e'rature) vs;
concentration. The doping process was stopped when the corlxdixctivity
reached the desired vaiue. The dopant concentration was dete:mined b}
weight prake: concentraﬁo.n's have pre.viously been ve'rified by chemical ~
analysis. Sarhples were pumped for about 1-2 hrs under dynamic vacuum
af@ér_éoping, with no observable éhange in conductivit'y.

The Qniformity of.the doping on the microscopic scale has been

. studied by a‘\.rariety of techniqu.es. In the case of iodine. X-ray _stqdies,zs '
variation of the proton nuclear magnetic resonance (nmr) second moment,26
and éhotoem.ission'results are consistent and imply essenti.ally uniform
doping throughout the polymer fibrils. | For AsF, ;;hotoemis sion results28
.imply r'xon-uniformity ;t high concentrations with a higher concentration
near the surface of ?he fibrils. At Ast‘ concentrations below 1%, the
photoemissiox; datazisndicate ;;enetration of the dopant into- tize l?ulk'of the
fibrils,

In general, doping the cis isomer appears t.o give consistently
“higher conductivity values (about two to five times greater) than the trans
isomer even though the trans isomer has a higher room temperature
conductivity (~ 2 x 10-%Q-1 ¢m=!) than the g_i_s_-isox.ner (~2x1070"t.em*?),

29 30 nd . 26
Optical absorption, thermopower, and nmr 2— moment studies indicate
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that cis-trans isomerization takes place during iodine doping. Thus, the
same final product is obtained from both isomers when they are heavily
doped, and that product is primarily _Eia_ng—(CH)x. It is not yet clear to
'what.extent AsF, doping indpces. similar isomerization. The higher cén- :
_ducfivities obtained with gi_s_' starting material suggest that the dopi.r;g induced
isomerization leads to highér quality frans material than ther-rnal; iso¥neri-
zat‘ion' with sdbsequent doping. . |

¢) Electrical Conductivity Measurements

All conductivity measurements utilized_fourfprobe tech.,niques.

The values -given were obtained directly from the measured resistance

and the measured sarﬁple dimgnsions. ' No corrections have ljeen- made‘

for the low density assdciatgd wit.h the 'fibrilla.r structure of the (CH)x films.

. Due to the chemi.cal_é.c‘tiviﬁy of iodine. and AsF, -the sample..holder.s

were made with glass frames and utilized platinum leads; Electrodag was

used. to make the electrical contacts onto the polymer samples. Typically,

the contacts were applied in air with exposure time kept to a minimum; the

mounted samples were pumped in vacuum for 2-3 hours until the contacts

~were dry. The effect of the solvent in the Electrodag paint was checked

by applying the contacts before and after doping. The metallic conductivity

of samples mounted before doping was typically 50% higher than that of the
samples whose contacts were applied after the samples were doped. In

addition to Electrodaé, gold evaporated contacts and mechanical (pressed)

contacts have been tried. The various contacts yield conductivity data

T R TP NGRS i iy

TRt Y
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which are consistent and without significant diffcrcnees. The effects of
different contacts have also been studied by Kwak et al. 31 The cox;ductivity
deta'presented in this paper were obtained from samples mounted before
doping, unless otherwise stated. Contacts were checked to be ehmic for
currents from 1071° - 10°5 ampsrfor undoped (CH)_, and from 10'.s - 10;2 amps
for xheta.llic samples.

To check- the effect of the air exposure or; the undoped (CH)x, a.l;l -
on-line experiment was set up to monitor conductivity vs. time. Samples
were mounted in a glove bag under argon atmosphere. 'In‘the first three
hours of air exposure, the conductivity of _c_i_s-(CH)x increased by one o;der

of magnitude while that of trans-(CH)x increased by only about a factor of three. -

Upon pumping out the air, the conductivity returned to its initial value.

Such reversibility was also observed earlier in electron spin resonance
expe_rirnents.mAir exposure of heavily doped metallic samples for 2 hours
resulted in a 40% and 20% decre 1se, respectively, for [CH(AsF ) ] and
[CH(I:‘) ] x+ Studies of the effect of oxygen on metallic [CH(I ) ] samples

showed a decrease in conductivity of about 10% in the first four hours.

In an initial attempt to stabilize the samples after doping, paraffin

- wax coatings were applied. Conductivity measurements of uncoated and wax

coated metallic (CH(I:' )Y]x were carried out on samples doped at the same

time and under identical conditions. The conductivity of the wax coated

sample decreased only 10% after 12 hours, whereas the conductivity of the

uncoated sample fell by a factor of five during the same period.
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Similar !:ests__v{eff carried out in connection with the temperature
dependence measurements. The temperature depe;’xdence exhibited by

doped samples obtained from the bottom of the rea<-:tor was not significantly
different frt;m that obtained from samp.les extracted from the side walls. _
I:Ising_g_i_s_ sampies of either origin, metallic Ast -doped (CH), sh'm.avé.d a

slight increase;in conduc.tivit.y (a few p'er cent) below room temperétu-re as
noted pre:viously.:sz Sandples mounted after doping, or ’Samples re-painted '
with solvent containing Electrodag, showed a monotonic decrease in con-
'ductivity With decreasing temperature. Exposuré .to ;ir had similar effects;
the wveak maximum reduced in magnitude and shifted toward highér temperature

before disappearing after ~ 30 minutes exposure. The wax coated samples

showed similar temperature dependences to those of the uncoated ones.

d) Thermopower Measurements

A rectangular sample (3mm x 25mm) was cut from the polymer
film and mounted lengthwise between two copper blocks using pres'su're
contacts. The témperature diff;arence (AT) was established by healf.ing
one of the copper blocks and the voltage (generated by the therma.l_ gradieht

across the sample) was measured. Typically AT ~ 2K was used during

‘each measurerrient, so that the thermopower is an average over this

interval. The measurement of AT across the sample utilized a copper-.

constantan differential thermocouple. The thermodynamically stable
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._.*._13:1_s_-('CI*I)x was useii-i-rf‘a_ll the thermépower measurements. The iodine'
and Ast .concentrations in the doped samples were determined as Qesc ribed
above. Reproducibility for independently prepared samples was abogt *'10%
_at the lightésf doping levels and better than % 5% in the metallic regimé.
Due to the extremely rapid increase of the conductivity at low dopant levels,
the uncertainty in y was * 0. 001 for cc;ncentratior;s below y = 0.01 (i n;ole %)..
Even at the highest dopant levels, the accuracy in y was alwa;s better th;n
£0.005. | | |

III. -EXPERIMENTAL RESULTS

- a) Thermopower

'I;he room 'tempera.ture results, S vs log y for iﬁm_s-[CH(I3 )y]x

-. S.re shown in Fig. 1. The sign of S is positive throughout t.l;xe entire con-

~ centration range 'indicating p-'t-ype behavior consist.ent with charge transfer
doping to the iodine acceptor and the formation of Is’. The semiconductor-
metal trans;ition is clearly evideniz in Fig. 1. Note that S is relatively

insensitive to the dopant concentration up to approximately y = 0.001. For

the undoped trans-(CH)_, S = (900 # 50) UV/K and then decreases slightly

to S = (750 # 50) UV/K at y = 0.001. Figure 1 shows the earlier

dataso in more detail with additional points in the transitional region.

' 30 :
As shown in our previous paper, within the measurement accuracy, the

the rmopower is independent of temperature in the lightly doped regime

(y £ 0.001). At concentrations above the SM transition, S decreases with

' 30.
decreasing temperature.
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; | | The thermopower in the metallic limit is shown in Fig. 2, ix.acluding
the results for both uﬂn(-:;'i'ernted ii_i-[C}I(Ast ).1” ]x ax;d p#rtially oriented
trans-[ CH(As Fy ).oss]x' with z/zo = 3.2. Any variation betweer_x oriented
and unoriented samples is comparable to the variations observed frc;m
sample to sample (indicated by error bars on Fig. 2). No qualitative
difference and no significgnt énisbtrop;r are observed; S(T) is essen_tially '
the same for oﬁented and as-grown samples. This is consistent with
expectations. Since thermoelectric power is a zero-current tran'sport
coefficienf, interfibril ébntacts should be unimpc; rtant allowing an evaluation
of tix_e intrinsic metallic properties. The magnitude and tempe raturg-
dependence of S (Fig. .2) are characte?istic of a degenerate electron gas

_ and are indicative of intrinsic metallic beha.vior.3°' *

For dilute concentrations well below the semicpnductor-rrieial

transition the 't.herm opower is large and essentially t'émpera.hxr;z in.dept.andent.
Such behavior can l'ae understood for a.dilute congentrafion of c;arriers |
{holes) wh.ic?h hop ﬁmong a set of localized states. In this case, where the
kinetic energy of the carriers is negligible, the thermopower is given by

33,34
the Heikes formula

kp ' :
S = -+T:]- Lnl(1-p/p] . (1)

where p = n/N is the ratio of the number of holes (n) to the number o_f

available sites (N) (eq. 1 assumes spinless carriers; the inclusion of spin

34 ’
degeneracy changes the expression to S = +(kB/|e| )4n(2-p)/p). Identification

_
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with the experimental data for undoped trans-(CH), requires that p > 10~
and temperature independent. This value corresponds to a carrier concen-
tration of 2 x 10'%2cm™ in "undoped" (CH), and is consistent with the results

35 : :
of capacitance vs voltage studies of p-(CH)x: n-CdS heterojunctions using CdS

with known carrier concentration. The results therefore imply that in the

undoped polymer, the conductivity is due to a small number of residual carriers
(r =10"%) provided by defects and/or impurities, and that the mobility results
from hopping. The insensitivity of the thermopower to io'dine concentrations

less than 0.1 mole% (or 0.1% Ia.) is consistent with this interpretation and

.implies that p  is well below 10, From eq. 1, the thermopower at

'y =10 should be 0. 75 of that at y = 107 ; consistent with Fig. 1 to within

the .combined unceftainty in y and p.
b) Conductivity
By careful control of the.dopant concentration, any specified conduc-

tivity can be obtained covering the range fromo=2x10"°Q? -em™ to

0> 10> 07 -cm™ using cis-(CH), starting material. Higher metallic values,

.0> 3000 0! .cm™!, were obtained using cis starting material, stretch-

oriented (L/Lo = 3.1) and then doped with As Fs . Since exposure of undoped

(CH) to ammonia vaporz decreases o to values below 1071°Q"2.cm™!, the

" accessible range covers more than thirteen orders of magnitude.

The temperature dependences of AsI-" -doped (CH);‘. both as-grown,
and stretch-oriented are sh_own in Fig; 3, for a variety of dopant concen- |
trations. The temperature range covered by the m;asurements depended
on the resistance of the sample; for the highest cond\;ctivi'ty sample, data

were obtained over the entire range from 300 to 1.8 K. The curvature
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seen in log O vs 1/T was noted earlier for halogen dopa11ts.35'1‘his cu;vature
may arise from'disorder, for exam;;lc, leading to a distribution of activation
energies. Alternatively variable range hopping?’re;xéy play a role at low
temperatures. ' Taking the initial slope of the l_og o vs 1/T plots, we obtain
thev a.cl:iv.a.tion energy, OE, thch serves as a simple inde;c of th;a conciqc-
tivity behaviér.' The results are prese.:nted in F'ig. 4 where data from

Ast -doped samplgs and iodine doped samples; are plottefl versus conc.en_
tration on a logarithmic scale. Note that the iodine doped samples are
formulated as [CH(Ia )Y]x',since thé I; ion is known to l?e present.37Using
this fo.rmula.tion the data from the two dopants are in.good agreement,
although the Ast doped samples give consistently lowex;’activation energies

above y = 0. 0] consistent with the higher metallic conductivity. The

activatio’n'energy of the undoped trans-(CH)x is AE = (.3 %.03) eV. AE .is

B relativély insensitive to the dopant concentration up to y = 0. 001, and then

decreases rapidly through the SM transition. Above y = 0.01 (1 mole %)
AE is small and nearly independent of the concentration; the conductivity
is no longer activated in heavily doped (GH).. '

The room temperature values from Fig. 3 are replottegl as 0 vs y in
Fig. 5 The value y = 10™* for undoped (CH),_ was determined fror;-x the
magnitude of the thermopower, as described abt:;re:34 the point aty = 0.003
was determined by weight uptake. In the dilute concentration regime, ©

increases appro:dmafely in proportion to the dopant concentration, so that




.
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the mobility is independent of y. Note that in this dilute regime, the

activation energy (Fig. 4) is also insensitive to the dopant concentration.

A e AT = s

Figures 4 and 5, together with the temperature independence of the thermo-
0 ’ ' ,
power, imply that in the dilute regime the transport is via carrier hopping;

the conductivity results from a temperature independent carrier concentration

- (proportional to y) and an activated mobility.

- The temperature dependence of the conductivity in the metallic |

high concentration limit is shown more clearly in Figure 6, where 'O/ORT

" vs. T is plotted in a linear scale. The room temperature conductivitj

values for these partially oriented films were measured independently by.""
simple four-probe and by Montgomery 9 techniques. The results, com-

pared in Table 1, are in general agreement. For heavily doped metallic

[CH(AsE,), |, ], (oriented with £/4 = 3.1), the conductivity first increases

. : ' 7,31 : :
on cooling below room temperature, ‘goes through at maximum at 220 K,
then decreases and becomes constant below 5 K with 6(0)/a(300 K) = 0. 66.

The conductivity maximum near room temperature varies from sample to

- sample, but in general cis. -(CH)x starting material leads to a large‘r

maximum thé.n trans-(CH)x. Also shown in Fig. 6 ai-e_the results for

(2/2, = 3.1). The conductivity decreases monotonically and

[CHua ).Oc ]x

appears to be going to zero as T = 0. The low temperature data f;'om

these samples are shown in more detail in Fig. 7 where we pipt the

normalized conductivity (log scale)vs 1/T. For the metallic [CH(A;F' ) “] R

k )
the conductivity at low temperatures approaches the constant value,

x
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0(0)= 800 0" .cm™ . For the iodine doped [CH(Ia) ]x' the low temper-

0.0g

ature conductivity continues to be activated, even though the room temper-

;
é
14
%
3

ature value is comparablg to that of the Ast doped sample.

Considering the matted fibril structure of polyacetylene the
temperature independence of the conductivity (see Fig. 7) suggests a
tunne-ling.mechanism through the inter-ﬁbril contact barriers in addition
to the thermaliy activated charge transfer over the barriers loc.ated between
large metallic conducting fibers. - The residual .a.ctivation for heavily doped
_[CI—f(Ia )y]x is not ufxderstood. However, this may indicate that eventhe heavily

iodine doped samples are only just on the verge of mectallic behavior.

@ The temperature dependence of the conductivity of trans-[CH(AsF_)_ ;o]x

4

samples, both partially oriented with elongation raﬁo Lt/ Ly = 2.8 and
unoriented, are shown in Fig. 8. The two sampléé were prepared from the

same starting material and were doped simultaneously. The temperature

’dep-epdenc.es of the normalized conductivities are similax; although. the room
temperature values varied considerably (for l,/to = 2.8, o = 1400 Q1" .cm-?
and o, = 280 Q-2 -cm’i_; for l/to = i, c" =0, = 240 Q" -cm™). &r&ermore.
i at low temperatures all four samples approach nearly temperature inde-'

'i p?ndent behavior as shown in Fig. 9. The low temperature normalized

i values are somewhat higher in the o_riented samples. These results

; jindicate that the role of the intérfibril contact barriers are similar in

4 ° each direction, and that the barrier height and/or widths are slightly

! ]
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smaller for the partially oriented films. The temperature dependence of

I TIN

9
L

o for a partially oriented film (L/l,‘> ~ 3) which has been exposed to the air

during the isomerization under stress, flattens more slowly resulting in
o{1.8 K)/a(300 K) = 10", Combined with the observation of decreasing
_tensil.e strength after air exposure, this result suggests that the ;:ross
linkixig induced by the air epr’sure m;keé the interfibril contact barriers
effectively larger.

-Although the temperature dependences of the normalized conduc-
tivities are the same, the room temperature conductivity in the parallel
and transverse direction of the partially aligned films arcA diffe';-ent about
factor.of'_ﬁve for thé "“’o‘ = 2. 8 sample of Figs.  8 and 9. Since ti-xc
interfibril contact barriers are same in either direction, the large
difference in absolute mé.gnitude is eyidently due primarily to the difference
in tofa_l number of chains in the respective directions. Since the films are
not perfectly oﬁented, there are chains goin-g along the transverse direction
in the parﬁaily oriented films. ;I'hua, more complete orientation c.an be
expected to yield larger values for o" and for .the agisotropy W /ol. In
this context, the thermopower data of Fig. 2 are readily understood. Even
in the transverse direction o" dominates the transport s.o .that S is deter-
mined. by S".4°Determination of Sl will require nearly comblete orientati;n.

The temperatu.re dependences §f the normalized conductivity of

trans-[CH(AsF. )y]x films are shown in Fig. 10 with values of y spanning

the SM transition. The films were partially oriented to minimize interfibril
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contact effects. A qualit_a.tiv-e change in behavior is ob#erved at f,he SM
transition (y = Yc). At low concentration.;; the curves appear the rmal_ly
activated and 0~ 0 as T~ 0. Above ¥.» the curvature changes and the
conductivity remains finite as T = 0. The low temperature normalized
conductivity #ppears to be an excellient indicator of the SM transition in

AsF, doped (CH)_as shown in Fig. 11. From Fig. 11 we infer y, = 0.01-0.02.

"Note that, as described above, for the iodine doped samples it appears

that 0~ 0 as T - 0 even at the highest doping levels. Thus, either the
interfibril barrier effects are significantly more important or the metallic

state is not truly achieved even at the highest doping levels.

1V. DISCUSSION

. a) Semiconductor-Metal Transition; Mobility

The transition from semiconductor to met-al is most clearly evident
in the normalized conductivity ciata of Figs.' 10 and il obtained from partially
oriented filrné. The qualitative change in temperature dependence and
finite zero temperature values above A ~0.01-0.02 are indicative of an
abrupt change in behavior as a function of dopant concentration. Fc.>r
iodine doping the situation is somewhat les;s clear :;\s noted by others4and
described in Section IIIb.

We note that the critical concentraﬁo;a, Yer for thé SM tr;nsition,
as infgfred from the conductivity data of Figs. 10 and 11, ' appears'to be

somewhat below that inferred from the onset of Pauli susceptibility; from




17

the conductivity data we infer 0.01 <y_ < 0.02, whereas the susceptibility

data. suggest Y > 0.02. Additional susceptibility studics are under'\vay to

provide a more detailed and accurate descripf..ion of the transitional regime.
Direct measurements of the mobility (c.g. time of flight, etc.)

are not available. Although ‘Hall effect dat:iave been repo'rtéd in the )

metaliic reéime, the Hall coefficient is two oz.'ders of magnitude below

that expected on the basis of approximatel-y one carrier per dopant and

may be dominz.tted by the fibril structure of the composite medium. Some

important information on the transport mobility in the semiconductor and

metallic. limits can be obtained directly frc;m the conductivity.

A Ix? lightly doped _t_xg._n_s:-(CH)x,‘ the mobility is activated as desFribed
in Section IIIb with a room temperature value of 4 = 6/ne =5x 10‘5.cm3/V-secs
(see Fig. 12). For y > 0.003, one finds a dramatic increa;e in 4. At
high.e‘r dopant levels (i. e. in the transitional regime) AE is c};ang‘ing.so
that it is not possible to ex.tra.ct H from the conducti\.rity.

In the metallic regifne, e.g. [CH(AsF, )0.1]x the number of ca.rrier-s
can be estimated by assuming unit charge transfer per dopant. or from t-he
oscillator strength as obtained from optical studies.29 The latte.r results

suggest that iﬁ the heavily doped metallic state all the m-electrons contribute

to the metallic transport; thus n{metal) *= 2 x 10°? em™'. Taking the intrinsic

de

0"l _em™? . .
intrinsic 2 2 % 10¢ cm-! as inferred from analysis

conductivity to be 0
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of the optical data, Z? one obtains W(metal) 2 6 cm? /V-sec. Note that
assuming that all m-electrons contribute requires that hgav;r doping removes
the bond-alternation leading to a uniform bond length polygne. Taking the
somewhat more conservative point of view of one carrier per dopant, the
corresponding value for [(;H(As Fs )o. . ]x would be n~.2 x ‘103 1 witﬁ |J.2
60 cm?®/V-sec.: This lattér value is piotted in Fig. 12. as characteristic of
the metallic state.

.Altl;muéh.there is considerable uncertainty in the absolute vé.lues

in beth limits, the results nevertheless demonstrate a remarkable change

_ in mobility, five or six orders of magnitude, on going through the trans-

itional region. This large increase in ! represents perhaps the clearest
indication of a major change in electronic structure and/or transport

mechanism at the SM transition in doped polyacetylene.

b) Metallic State

The high mt;bility in the metallic state is unexpected in view of the
extensive disorder; the doped pv.;lymer is only partially -cr'ystallin.e and |
contains ~ 10% charged impurities in random interchain positions. Given

. . 1 6,29
the considerable evidence of one-dimensionality from transport, optical

43 44
and nmr studies, the effects of disorder would be expected to be particularly
large.

The thermopower data in the high concentration limit provide

independent information on the metallic state and are consistent with
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30, 31
metallic behavior. For a nearly filled band (i. e. p-type) metallic system,

the thermopower can be written as

dinJ(E) ]
F

S = +—-— (T—r) kT [———— (2)

where o(E) -‘-'n(E)l'eIu(E) and n(E) is the number of carriers contributing
to o(E), dn{E)/dE = g(E) is the density of states (both signs of spin) and
U(E) is the energy dependent mobility. Assuming energy independent

scattering (M(E) independent of E)
k P )
B. T '
S = + (m) 3 kBT n(EF) S : (3)

where Y](EF-) = g(EF)/_N is the density of states per carrier. As indicated

30, 31
in Fig. 2 and in earher papers, S is a'linear functmn of T for AsF -doped

metallic (CH) whereas for heavy iodine doping there is curvaturein S vs T.

Nevertheless? in both cases, the thermopower decreases émoothly toward

zero as T~ 0 in a manner typical of metallic behavior even at temperatures

as low as 2 K. The experimental results (Fig. 2) are in good .ag.regment
with eq. 3 with n(EF) = 1. 36 states per eV per carrier. Since there are
0. 15 carriers per carbon atom in [CH(Ast )o 1s]x (assuming complete

charge transfer), the thermopower data yield for the density of st;tes,

g(EF) ® 0.2 states per eV per C atom in good agreement with the value

9

obtained from magnetic susceptibility measurements.

s VAU P TR S, T T Dy W+

i
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Although the conductivity is weakly activated below 50 K and
becomes temperature independent at low temperatures, the thermopower
data imply intrinsic metallic behavior at all temperatures._ We therefore

conclude that the dc transport is limited by inte:_-fibril contacts, and that

the heavily doped polymer can be described as consisting of métallic strands

sepa'rated'by thin potential barriers. This is consistent with optical studieé
whiéh indicate that the intrinsic individual strand conductivity is.muc.hA
higher than the dc v.a.lue.

A model appropriate to a composite medigm consisting of metallic
particles dispersed at high density in an insulaﬁng matrix was rece_ntiy
developed b‘y Sheng et 31.45F1uctuatipn induced tunneling .throu-gh potential
barriers leads to the bulk. dc conductivity at low temperatures with. éctivation

over the barriers at highér temperatures. We identify the conducting aggregates
' 45 ‘

~ of Sheng et al. with the metallic fibrils and assume that the barriers are

due to interfibrilﬂ contacts. AShen.g et al. assume # parabolic barrier,
V=V - (4V°/W)x’, where V,and W are the barrier heigﬁt and thickness,
respectively. We assume the cross sectional area, A, of the barriers is
typically eqt;al to that of the polymer fibrils whose diameter is ~ 200 A.
In terms of these parameters, the conductivity (O‘j) of the j\;nction c?.x'-x be |
expressed as

T
1

T+T° (4)

oj(T) = co e




 intercept, respectively, of plots of [ £n(d/c
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wh_ere
zAv:
T T wFgwW | -
and
3
4 Avo /2 :
To = =T . . (6)
' naeakB(Zm)ZW‘? .

The parameters T1 and To are obtained experimentally from the slope and
RT)] "1 vs T as shown in. Fig. 13.
The results are sgm.rnarized in Table 2. Typical values for T1 and ‘To are
comparable and lead to bharrier thicknéss of 10 - 20 A and ba..rrier heights
of order 3-7x 10° eV. The main effect of oriéntation appear's to be the
alteration of the barrier parameters. For example, doping with ori'ented
is_-(CH)x starting material signiﬁcantly reduces both the barrier thickness
and the_ barrier height. With this model, the dc conciuctivity in the metallic

state can be viewed as resulting from resistors in series. The metallic

strands are in series with the junctions, so that R

de = Ri(T)~ + Rj(T) where

Ri(T) results from the doped metallic strands with an intrinsic metallic

- conductivity, and Rj is the junction resistance. Assuming Ri(T) =aT-

(near roon:x temperature) and Rj = Ro exp( T1 /T+ 'l'o]. the magnitude of
the conductivity maximum in the data of Figs. 6 and 10 implies that

Ri/Rj <107 at room temperature. We thereby obtain an estimate of the

. intrinsic conductivity in heavily doped metallic [CH(AsF, )Y]x,

0(300 K)™ 4x 10* Q"1 .ecm-™!.

T T )

~oan
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v

c¢) Light Doping, y < 0.001

e se——— o~

In this low concentration regime, the number of carriers is

proportional to the concentration of dopants, and the activation energy

e BN e RN SRBROPEETE > N

remains constant. Moreover, the temperati:z independent thermopower

indicates a temperature independent carrier concentration implying that
the mobility is activated. We therefore conclude that in the dilute
regime

= ne | 3 R

where n is the number of carriers (equal to the number of dopants) and

the mobility is given by

@ e : | uzuoe-AE/kT- | | A @
= | with AE = 0.3 eV as indicated on Fig. 4. Such a small, .therm.alvly activated
mobility is unexpected in a broad bandwidth semiconduc_tor‘like (CH)x.
.Althou-gh oneA might suggest that the activated transport is limi.te'd by
disorder in the polymer, the high conductivity and high mbbility in ‘the

metallic state argue to the contrary. One might argue that the observed

activation ene'rgy is the result of int - "ibril contact resistance. However,

the activation energy is ins¢ .tive to whether the polymer is taken as-grown

o i e el

or stretch-oriented. (Note that the low temperature results in the metallic

Ty

regime show major changes in interfibrillar contact effccts on orientation; !

see Figs. 7, 8, and 9). Moreover, nearly identical results are obtained
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from low density foam-like material synthesized using a gel as an inter-
mediate step; whereas the fibril density is down by more than an order of . {
magnitudz, and the fibril diameter is three to five times larger.
The localized state hopping transport inferred from the thermopower

. . 2 ) 4 . . 9) 300 47
measurements below y = 0.001 is qualitatively consistent with the proposed
. soliton doping mechanism. Motion of the charged localized domain-walls

" would be expected to be via diffusive hopping in agreement with the low

mobility inferred from Fig. 5 for y < 0.001. Moreover, for a fixed impurity

concentration the number of charged kinks would be independent of

temperature in agreement with the tempe rature independent thermopower

. fou;xd in the dilute limit. Finally, although the domaén-wall would be
distributed d\_rer a group of carbon ﬁtoms, the center of mass of the wall
could take any positidn along the chain so that the number of ;vailable, sites
would be of order the number of carbon atoms inbag'reement with the
rr;agnitude of the thermopower.

- The fqrma.tion of domain-walls, or solitons on long chain polyenes
has been studied theoretically bY.Ricelind by Su, Schrieffer and I-Ieeger.l13
The electronic structure of the soliton exhibits a localized state
‘P; at the cente'r of the gap, co:;xtaining one electron for the neutral kmk

" While tl.:is localized state is spin unpaired, the distorted valence band
continué'a: to have spin zero. Thus, the neutral soliton has spin 1/2. The

static susceptibility therefore will contain a Curie law contribution and

can be used to count the number of neutral soliton defects present. Spin
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|
) resonance linewidth and nmr relaxation studies have demonstrated mobile
spin species spread out over many lattice constants in agrecment with
Lv these ideas. The number of unpaired spins, typically one per 3000 carbon
atoms is comparable to the number of charge carriers in the undoped

poly.mex: (~ one per 10,000 carbon atoms) inferred from the the rmobower.

e oo

Since the localized state occurs at the gap center, i.e. the chemical
potential, the relevance of the solitons to the doping of (CH)x depends on

the energy for creation of a soliton, Es’ as compared with the energy

| 13 |
required for making an electron or a hole, $Eg = 8. Numerical estimates :

i'ndi.cate that soliton formation is energetically favorable, i. e. l:‘.s <A.
Moreover, Takay.ama' et 31.48 have recently develc{ped a continuum model
in which they find .Es = %A; i.e. always less than A. |

Frorﬂ these observations w‘e suggest.: that in the.undopcd _t__r_a_u._ﬁ-(cg)x,'
a fraction of the isomerization induced defects has been ionized by res'idu;l

: impixriti.es to give the observed density (p ~ 107¢). Subsequent dopi:;g will

ionize 'more and/or create additional charged kinks. |

In the case of diffusive hor;ping, the mobility is gi;re.n by the
Einsteiﬁ relation, ¥ = eD/kT, where D is the diffusion constant. To obtain
an estimate of the diffusion constant we use the result of Wada ax.md

49

Schrieffer (WS) for one-dimensional Brownian motion of domain-walls in J

contact with thermal phonons

kBT 3
- w a?
Dws = 0.516 v 2 (W) (9)
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where M is the atomic (C-H) mass, v, is the equilibrium amplitude of the
disto.rtion and Wy is the attempt frequency. In the double-well o theofy
considered by WS, w, is the harmonic vibration frequency for an atom

near the minimum of either well. In (CH),, we may take w: = K/M

. c. . 50 ’
where K = 10.5 eV/i? is the spring constant. Wada and Schrieffer

49
consider the ingeraction between neutral, free domain-walls and phoﬁons.

At room temperature using M = 13 AMU, a® 1.4 Lang u, =0.04 4, we

S -3 3
S 2x10° ecm®/sec (Dws

/a® = 10%*) in agreement with the o
43 . . X . <
measured ~ diffusion constant of the neutral magnetic solitons in undoped

trans-(CH)x.

~ "In the case of charged solitons one might argue that the hopping
attempt frequency is reduced by the Coulomb binding of the wall to the
acceptor ion and assume that

- AE/kBT :

D(CH)x = Dwse (10)
so that for lightly doped (CH)
" - - _p e-AE/kT
(CIH)x kBT‘ WS
: k.T a ' :
e 2 B -AE/k_T |
= 0.516(——kBT)woa (-ﬁ;os"—{‘) e B (11)

For the charged soliton, with AE* 0.3 eV, D(CH) =2 x 10°7 at room
x
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temperature lcading to 2 mobility of u(CH) > 10" cm®/V-sec.  Although
. x _

of the correct magnitude, such a picture would imply hopping between

impurity sites whereas the data indicate that the number of available sites

38
is much larger;” i.e. comparable to the number of carbon atoms per unit

length on the chain. A detailed understanding of the diffusion (a.nd'mobilit_:y)'

of chafged solitons is clearly lécking. However, we would anticipate that

the activation energy for motion of a charged soliton (on an othez;wise
perfect chain) would be much greater than that of a neutral soliton.
Theoretical étudy of the charged soliton mobiliiy is required for further
progress. | |
The hopping mobility discussed above is appropriate to st?ady

state (darkl) transport in the dilute limit. However, the transport mobility

. appropriate to photogenerated carriers may be considerably higher. Since

"a soliton-like distortion would be expected to form around a photogenerated

carrier only after a considerable time delay, the band mobility might be
appropriate. Particulafiy in junctions where the .carriers are rapidly
sw.eptAout by .the junction electric field, a mobility greater th.an or equal
to that found in the metallic state would be expect‘ed.

V. Summary and Conclusion

The transport data presented in this paper indicate three important
concentration regimes: |
1) y <0.00); the dilute limit wherc carriers introduced by
doping act independently

2) 0.001 <y <0.0]; the transitional region
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3) y>0.01, the metallic statec.
From analysis of the data, we have been ablec to draw specific conclusions
relevant to these three regimes. |

. In the dilute limit, the transport is via carrier hop'ping; the
_ mobilit;y is small (~ 5 x 10°% em® /V-s) and activated (AE = 0.3 eV).

This localized state hopping transport ‘is .consis’tebnt with Ifxe proposed
soliton doping mechanism. Based on the soliton .interpretation qf the
steady state (dark) transport in the dilute limit, i't was argued that the '
mobility appropriate to photogenerated carriers may be considerably
higher; i. e. greater than or equal to that fou.nd in the metallic state. -

: 'l;he semiconductor-méta.l transition is ;vident in [CH(ASs I-“5 )Y]x
and results in a qualitative change in température; dependence of the
conduc;ﬁ;/;ty' a.nd finit.e zero temper'ature values above Ye - 0.01 - 0.02.

- For iodine doping the situation is somewhat less clear.
The transport mobility in [C}i(As F, )y] x increases drar-na.tic'a.lly
_on going through the transitional i-egion.. This large increase (five to six
orders of mag'nitude) represents pe.rhaps the clearest indication .of'a major
change in electronic structure and/or transport niechanis;n at 'the. SM
transition.
The high mobility in the metallic st;te (~ 60 cm®/V-sec assuming
complete charge transfer with one carrier per dopant moiecule) provides |
- strong evidence of the validity of a band theory approach with delocalized

states in this disordcred metallic polymer. Even in this context the

!
1
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mobility is surprisingly large; the inferred values are comparat;le to the .
mobilities found in the best metals (e.g. for copper H~ 50 <.:ma /V-sec at
room temperature).

The metallic state is desc_ribed as metallic strands separa.ted..by
lthin potential barrie‘rs (typically W < 20 R and v, < iO" eV). Electron
transfer through the barriers is via tunneling at low temperatures, with'
activation over the barriers at higher temperature. The rnain effect of
- orientation appears to be to alter the properties of the barriers. "In
particular, doping oriented __c_i_s-(CH)x starting material leads te signiﬁeax1t
improvement in ‘cenrluctivity due to smaller barrier widths and lower '
barrier.heights. Analysis of the temperature dependence of t-he conductivity
within this model _leads to an estimate of the intrinsi.c-c.:onductivity in heavil).r )
doped metallic I:CZH(ASI“s )y]x’ o™>4x10* Q" -cm™! at room tem'perature.

These arxd related transport results rrmst be viewed in the context
of ‘the broad based experimental study of the .ehenrical and physical prop-
erties of this new class of condu.cting polyr'ners.i The transport data provide
insight into man'y as.pects of the proﬁiem. However, detailed underst;anding
of .the doping mechanism, charge tran;port, electrenic structure, and the
semiconductor ro metal transition will require combined input including,.

in particular, structural, optical and magnetic information.

Acknowledgement: We thank S. C. Gau and A. Pron for help in sample

preparation.
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TABLE 1

O[T NPT I TIRASR

Comparison of four-probe and Montgomery results for
o"_and o, on oriented samples at room temperature.

4-Probe Montgomery

L/ =31 (@t-em™) . Q7 -cm?)
cis-[CH(AsF,) 1 %N 2450 2350
' ' o - 377

I 8
cis-[CHI __1] U 1500 1620
- «36 X
o - . 203
1 “

, krans-[ CH(AsF,) 1 % 1800 2800
Q ol | 126 a0




o e

TABLE 2

Barrier parameters obtained from analysis of low temperature

data obtained with metallic [ CH(As F, )Y]x

Sample _ L/ l'o 'Tl- To w (l) . Vo (eV)
o 48.1 41.3 171} 7.2 x 1072 (eV)
trans-[CH(AsF,) .1, | 1.0
. e} * -
: o 47.8 39.0 18 A 7.5 x 1073
oy 35.0 37.3 16 A 5.8x10™
trans-[CH(AsF ) ] 2.8
' ea07x o, 547 540 15k 7.2x10°
. -3
cis-[CH(AsF,) 1 3.1 (o 2.4 489 9.2h 3.5x 10
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Figure 6:

Thermopower (S) vs y for [Cl—I(I3 )y]x at room temperature.
Temperature dependence of the thermopower in heavily doped
metallic [CH(Ast )Y]x
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vos )i
Conductivity vs —]'i'_ for [CH(Ast )y]x.for values'. of y spanning
the full doping regime. .
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0 0 0 non-oriented with y as indicated.
Activation energy vs y for [ CH(As F, )Y]x and [ CH(I, )Y]x
oo0o0 Ea_ni‘-[CH(Ast )y]x; datg obtaingd from Fig. 3.
eoe HE_’}E'[CH(Ia )Y]x; data obtained from ref. 35.
Room temperature conductivity vs y, in the dilute limit, for
[CH(ASFs )Y]x. The solid line has slope olf uﬁity indicatiné
that initially 0 is approximately proportional to y.
Temperature dependence of the normalized. conductivity of
heavily doped metallic (CH)x |
() [CI—I(Ast )o.u]x; ORT = 2450 9'1 -ch't
0ooo [CH(I3 ).“]x i Opo = 1500 N-!.cm™

Both samples were made from oriented cis starting material

with l/lo = 3.1.




Figure 7: Low tcmperature conductivity of the metallic samples of

Figure 6.

Figure 8: Temperature dependence of normalized conductivity of metallic

| trans-[CH(ASF,), ],

+ o” with z/zo 2.8 o"(RT) = 1400 01 .cm™?
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Tv> data marked c" and e for 2/20 = 1 (unstr~‘:iied) represcnt

¥ . two independent samples cut at 90° from a non-oriented film.

Figure 9: Low temperature conductivity of the metallic sample of

. Figure 8.
Figure 110: ‘ {\Iormalized temperature depende.nce of'_tra_ng-[CH(Ast )Y]x
for L/!o = 3.0.
AAA y=0
' xxx y = 0.004 i
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Figure 11: Low tempecrature conductivity (normalized) vs concentration.
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The onset of finite conductivity vs T =~ 0 is indicative of the

{ semiconductor-metal transition
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Figure 12: Transport mobility vs concentration (see text).
e oo trans-(CH(AsF, )y]x
ooo trans-[ CH(lb )y]x

Figure 13: --[an/ORT] " vs T; this plot allows evaluation of the

junction barrier parameters (see text).
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